Abstract-Impulse response based channel model is vital for wireless communication analysis and modeling. This paper considers the impulse response of the terahertz band (THz band: 0.1-10 THz) for reflected path in case of short range (1-100 cm) wireless communication. In indoor application, it is necessary to consider multipath channel. In analysis of reflected path, rough surface of reflector is considered with Rayleigh roughness factor. The validity of the model is investigated with experimental THz band measurements (up to 2THz).
I. INTRODUCTION
The data rate requirements for the wireless communication increase exponentially. For instance, wireless local area networks will provide 10 Gbps in near future [1] , [2] . For ultra-high-speed communication, one of the candidates is the terahertz band (THz band: 0.1-10.0 THz) communications system. Lower frequency bands, such as ultra high frequency band (300 MHz -3 GHz), are utilized by many conventional wireless communication systems. The below 3 GHz frequency bands have seen large numbers of channel models in the past [3] . In contrast to the UHF band, the effect of molecular absorption needs to be considered in the THz band [4] .
Molecular absorption and its impact on transmittance of the channel were studied in [4] . Transmittance gives information about the fraction of the radiation capable of propagating through the channel and is modeled with the Beer-Lambert law. Thus, the Beer-Lambert law directly gives the molecular absorption loss in the channel [4] . Molecular absorption depends on the composition of a medium, relative humidity (RH), pressure, and temperature, and it causes frequencyselective fading for wideband signals.
To develop wireless communication techniques for the THz band, the impulse response is required. One reasonable approach to obtain impulse response is to use transmittance with only amplitude information and no phase information. In [5] , [6] , [7] , a linear phase was added to the transmittance and the impulse response was obtained by inverse Fourier transform (IFT). However, the impulse response based on a linear phase, or with no phase shift at all, does not satisfy causality. In order to satisfy causality, we added minimum phase shift to the transmittance and we obtained impulse response with causality from IFT [8] . In [8] , we focused on the full terahertz band (0.1-10.0 THz) and consider communication distances suitable for short-range wireless communication (less than 1 meter) in line of sight (LoS) path and multipath scenarios. For both of Tx Rx scenarios, we calculated frequency response and time response based on analytical approach. This paper provides frequency response and time response based on measurement result.
In an actual environment, we have to consider non line of sight (NLoS) path. Previous studies [9] , [10] provided that reflected path is dominant effect in NLoS propagation. A reflected path model was derived with the Gaussian distribution based on rough surfaces [7] . However, they used linear phase shift to obtain the phase component. Therefore, the impulse response in [7] violates causality. In this paper we apply Kramers-Kronig relation to the reflected path model to satisfy with causality. We show the validity of our reflected path model by comparing with measurement data.
The rest of this paper is as follows. Section II describes the channel model of reflected path in THz band and in section III we derived phase component from amplitude component with causality. Section IV shows the validity of our proposed method for a reflected path. Section V concludes this paper.
II. CHANNEL MODEL
We consider a reflected path from material with small conductivity (e.g. wood, glass) between transmitter and receiver as shown in Fig.1 . The surface of the reflector is rough with respect to the wavelengths at the THz band. Reflected paths are derived from Kirchhoff's theory [2] , [7] . Antenna characteristics are not considered in this model. We can describe frequency response H refl (f ) as follows.
where R(f ) and ϕ(f ) are the reflection coefficient and phase component in reflected path, respectively. H pl (f, z) is the frequency response of path loss corresponding to the molecular absorption and spreading loss. Derivations of phase component by the conventional approach and our approach are described in section III. The received signal y(t) at time t can be obtained by the convolution between the transmitted signal x(t) and the impulse response, h(τ ), as
where h(τ, z) is the impulse response of the reflected path.
A. Channel model of path loss in frequency domain
The propagation distance of the reflected path is set to z cm. By considering the spreading loss and the molecular absorption loss, the power spectrum of path loss can be calculated as [4] 
where A spread (z) is the spreading loss and A abs (f, z) is the molecular absorption loss. The spreading loss in the LoS path for an ideal isotropic transmitter is
where k s abs is the absorption coefficient by the source of the absorption s. We utilize the am model [11] , with the famous HITRAN catalog [12] , to calculate the absorption coefficient.
B. The reflection coefficient in frequency domain
According to Kirchhoff's theory, the reflection coefficient R(f ) for a rough surface is given by
where γ TE (f ) is the smooth surface reflection coefficient from the Fresnel equation for the transverse electric (TE) part of the electromagnetic (EM) wave and ρ(f ) is the Rayleigh roughness factor. Without loss of generality, this paper considers the TE part of the EM wave; the transverse magnetic (TM) part can be obtained by a similar approach. The smooth surface reflection coefficient is described by
where n i , n t and θ are the refractive index of the air, the reflector and incident angle of the reflected path, respectively [13] . The refractive index of the reflector n t is frequency dependent. In this paper, n i = 1.
The rough surface effect is characterized by the Rayleigh roughness factor ρ(f ) as We assume that the height of the rough surface has a Gaussian distribution with standard deviation σ. This assumption is valid for many indoor building materials [14] .
In this paper, we calculated R(f ) based on THz time domain spectroscopy measurement data for which the measurement setup is described in section IV. |R(f )| is calculated as bellow [9] .
P refl (f, z) and P samp (f, z) are the received power spectrum of reflected path and LoS path, respectively. For instance, Fig. 2 shows the power spectrum of reflection coefficient for smooth wood board coming from measurement data with incident angle θ = 60 deg. Parameters used in this figure are distance z = 20 cm, pressure p = 1007.9 hPa, RH = 22.3%, and temperature T = 295 K.
III. PHASE COMPONENT
Two criterion to obtain the phase component in the frequency response are shown in this section. The first criterion is linear phase and the second criterion is minimum phase. In the linear phase, the phase component is determined by the time shift and the frequency. On the other hand, in minimum phase, we employ Kramers-Kronig relation to determine the phase component.
A. Linear phase
In the linear phase criterion, the phase component is set by ϕ L (f, z) = −2πf z/c. In this case, the frequency response
where |H L,refl (f )| is the square root of the power spectrum of the reflected path found using (3) and (8) . The impulse response h L,refl (τ ) is obtained by where F −1 [·] denotes the IFT operator. If the channel has perfectly flat power spectrum with the linear phase, signal only experiences a time shift and it is perfectly causal after the time shift. In the general case, however, this is not always true. If the real and imaginary parts of the function are independent, such as in the case of real valued functions (zero phase), or linear phase imposed on real valued function, the resultant inverse Fourier transform is not causal (except for the special case of constant functions as discussed above). In this paper we are concerned with THz frequencies (0.1 -10 THz). In this case, the received signals will experience fading due to molecular absorption and the power spectrum is therefore never flat (unless we look at some narrow band within this range). Therefore, the impulse response based on the linear phase can not fulfill the causality if the channel experiences the frequency selectivity due to the molecular absorption.
For instance, we show the power spectrum of reflected path which is included the Rayleigh roughness factor in Fig. 3 for incident angle θ = 60 deg, distance z = 20 cm, pressure p = 1007.9 hPa, RH = 22.3%, and temperature T = 295 K. We also show the corresponding impulse response based on the linear phase shift calculated with (9)-(10) in Fig. 4 . We can see that the main problem with the linear phase is that it causes a symmetric response around the zero (which is the propagation delay in the case of linear phase, and τ = 0.667 ns in this example). This effectively causes a response at the receiver before the arrival of the main peak. Therefore, utilization of the causal phase component should be considered in the calculation of the impulse response to ensure that the response is correct at the receiver.
B. Minimum phase
Impulse response with causality of the reflected path satisfies
where τ m is the propagation delay of the reflected path and given by τ m = z/c. The frequency response of h C,refl (τ ) is given by
is defined as causal frequency response in this paper and is given by
which leads to
Let exp [−α (f, z)] and ϕ C,refl (f, z) denote the amplitude and phase components of H
α (f, z) and ϕ C,refl (f, z) are Hilbert transform pairs from the Kramers-Kronig relation [15] , [11] . Therefore, the impulse response h C,refl (τ, z) satisfies causality. Hence, ϕ C,refl (f, z) is given by
where PV represents Cauchy principal value [16] . The criterion to set the phase component in (16) is defined as minimum phase in this paper. Given
is available based on (14)- (16) . Finally, the impulse response with the minimum phase of the multipath is given by From the above relation, the impulse response with minimum phase is calculated as follows. First, α(f, z) is obtained from (3) and (5) and then substituted in (16) . Finally, (17) is obtained from (14) , calculated using (15).
IV. NUMERICAL AND EXPERIMENTAL RESULTS
In this section, we will show the validity of the impulse response with minimum phase. To valid impulse response of reflected path, we compare between the received pulse based on measurement and analysis. The measurement were made at distance z = 20 cm, pressure p = 1007.9 hPa, RH = 22.3%, temperature T = 295 K, and incident angle θ = 60. Measurements were conducted by terahertz time domain spectroscopy (THz-TDS) technique using the TeraView TeraPulse 4000. The experimental measurement setup is shown in Fig. 5 . The measurement setup consists of the pump source, the laser delay lines, the medium control, and the signal measurement block. The delay lines are for obtaining THz pulse shape in time domain. The medium control is for setting channel medium. In order to measure THz signal in a reflected path, there is reflector at the sample location. In this results, wood is in the sample location. The emitter focus on the detector in THz optics in Fig. 5 the signal at around 5 psec and at around 22 psec the signal value is smaller than measurement signal. On the other hand, the analytically obtained pulse from h C,refl agrees with the received pulse from measurement data very well.
V. CONCLUSION
This paper is introduced impulse response of the reflected pulse from rough surface for THz band. For causality, we obtain minimum phase from power spectrum of reflected path and apply minimum phase to frequency response of reflected path. Comparison of the measurement data is valid our proposed method. 
